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Overview

Timeline Barriers addressed
: _ * High interfacial impedance
. Pro!ect start date: 10/1/2019 caused by side reaction,
* Project end date: 12/31/2022 mechanical incompatibility, and
* Percent completed: 45% stress.
Budget Partners
« Total project funding: $ 1,333,325 Interactions/ collaborations
— DOE share: $ 1,000,000 ° Brown Unlver5|ty
— Co.ntractor sl-"nare: $ 333,325 e University of Kentucky
* Funding received in FY2017: .
$188 560 Project lead: General Motors

e Funding for FY2020: $552,119
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Relevance

Most failures in solid state battery is associated with interfaces between electrodes
and solid electrolyte, due to the coupled mechanical and chemical degradation.

The dynamic evolution of the mechanical/transport property and
structure/composition of the interfaces has not been fully understood, due to the
challenges on the characterization of interfacial mechanical properties, such as
elastic modulus, interfacial strength, and fracture toughness.

A well-controlled platform combining with in situ characterization is needed to
conduct fundamental investigations of the coupled dynamic mechanical/chemical
properties.
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Project Milestones

M\?en::‘/ Milestone of Go/No-Go Decision m

March.
2020

June
2020

Sept.
2020

Dec.
2020

The film electrode system can reliably adapt to different in situ completed
electrochemical tests and long-term cycle performance tests.

The thin film electrodes, including LLZO and LiPON, with the

. .. completed
comparable ionic conductivity to the reported values. -
in situ electrochemical-mechanical tools which enable the
characterization of critical mechanical properties associated with
interfaces. A rank of the interfacial adhesion between Li and different Completed
SEs.
Make Go/No-Go decision based on whether in situ and ex situ

Completed

experiments and simulation data to be complimentary and coherent.
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Approach/Strategy

SE _ interlayers
=
Li | SE l NMC  |nterface engineering

Or interlayer

Multilayer
model system

Strategies to stabilize
interface in SSBs

]

Space charge Interphase formation
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in-situ characterization

of critical chemo-mechanical
& transport properties

Postmortem analysis

* Develop a model system to identify critical mechanical/chemical/transport properties related with interfaces.

* Establish a multi-dimensional property map to correlate mechanical failure mechanisms, morphology, and cycle
efficiency, and provide a design guidance for developing the desirable artificial interlayers.
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Accomplishment 1: developed reliable model systems and In-situ techniques to
investigate interface dynamic phenomena

Rotatable Sample
Holder/Heater RHEED Gun

SE
Analyzer

Assembly, - ) ,‘__,

.l l '1
RHEED .

Screen

and CCD Mamp!e Target
Camera anipulator SE Light Source
Assembly

SSE

Bottom
electrode
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46| 4010),,0

19 20
QA" /1 (-110)

Thin film deposition system for SSB model system

reSTARCH

& DEVELOPMENT

In-situ AFM: SElgrowth

23(2013) 2397
2, 66(2012)28
c., 159 (2012) A38

., 159 (2012) A1520
.,161(2014) AS8

ACS Appl. Mater. interfaces 6(2014) 6672 Appl. Phys. Lett., 2014, 105, 061901
Adv. Energy Mater. 2016, 1502302 Adv. Energy Mater. (2014), 01398

In-situ dilatometer: electrode expansion

Adv. Funct. Mater., 5 (2015)1426

J. Power Sources, 206(2012)357
SCIENTIFICREPORTS 4 (2014) 3684 |

Nano Letters, 13(2013)4759

X-ray Laser

« Electrons
- attered

signal

In-situ techniques to investigate the mechanical
behavior of SSB system
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Accomplishment 2: developed a model system to investigate the stress

evolution in solid electrolyte at initial stage BROWN

Laser reflection
for bending
measurements

Quartz: 500-Um

e |
Ti:15nm
Au:50 nm

Lithium: 50100 um as a starting thickness (before plating)
“

Plating ] I LLZO: 500 um I I
Direction

Ref. Li Metal Electrode

Pressure

2X

Quartz Wafer, 50~250um

I

Cu foil strip for L__
connection o

Melted Lithium (~200 um|
LLZO

~5nm
AI203 for
improving
wettability
Plating
Direction

— Ti reflective bonding layer (PVD) 15am

——Cu current collector (PVD) 200nm 2- Stress magnitude | OCV, ﬂat LLZO

School of Engineering

Sheldon’s group

Objective: To Investigate dynamic stress evolution in LLZO during
plating using in-situ curvature measurements

Stresses that can be generated during Li plating/ stripping:
1. Stress at the Li/LLZO interface
2. Stress from local defects within LLZO (including Li dendrites)
3. Growth stress in Li metal (small based on previous work)
Stress from 1 and 2 will produce measurable bending.
Are these stresses related to dendrite formation ?

Information to probe:

1. Tensile or compressive stress ? o
I Li plating/ stripping

3. Correlation with electrochemical !
measurements ﬁ

LLZO prepared by Dr. Kunjoong Kim (Jennifer Rupp’s group, MIT)

gm|RESEARCH
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Accomplishment 2.1: investigated the stress evolution in solid
electrolyte during initial plating process

Voltage (V)
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School of Engineering

Sheldon’s group
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* As the amount of plated lithium and current density increases - significant increase in curvature
* Partial lithium penetration on the plating side of the LLZO pellet occurs before short circuit
* Post-mortem analysis shows that short occurs via lithium metal penetration along the grain boundaries
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Accomplishment 2.2: Interpretation of the stress evolution in LLZO BROWN

Voltage (V)
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Curvature (1/m)

School of Engineering

Sheldon’s group

Large hydrostatic stress possible in
confined regions (dendrites and/or
Li filled voids near surface)

LLZO I'4
Subst' ate (L\ZO) ki
Plated Li Metal hf

Stress limited by
plasticity (< 1 MPa)

Steady-state curvature (i.e., stress state) is reached at longer times

Proposed explanation: steady-state condition is associated with steady-state stresses and
stabilization of Li metal / LLZO interface during initial plating

This stabilization contributes to the Increasing curvatures during shorter experiments (i.e.,

during galvanostatic and OCV holds)
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Accomplishment 3.1: Developed and integrated in situ nanoindentor L@;I?E
to investigate mechanical behaviors of LLZO Cheng'’s group

12

10
B Cycled

ASDY T - TS B S, P R
G AT @ (Y YD Y YN
R R AP R AN

Crack length/um W e
1/2
Specimens | Toughness/MPavm | Length/um | Modulus/GPa |Hardness/GPa H/E H c3/2
Uncycled 2.25+0.41 8.26 +0.96 843+ 4.4 71+0.7 0.084 4+ 0.005

K. = Fracture toughness
E = Elastic modulus

Cycled 1.80 + 0.54 10.49+1.67 87.1+13.1 56+18 0.062+0012 ,__
= Hardness
. . .. . ¢ = Crack length
Nanoindentation inside an argon-filled glovebox. P = Max load

. .. = Indenter tip constant (0.032
SEM imagining to measure crack length and mode of fracture. p e

Electrochemical cycling degrades the mechanical properties of LLZO, due to the Li plating

along the grain boundaries.
g:éz,’ ﬁﬁm' =
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Accomplishment 3.2: developed in situ pressure cell to investigate L@E?{E
the impact of stack pressure Cheng'’s group

U Made a Li|LLZTO|Li pouch cell and applied a 1.81 1,200

MPa (262.5 psi) pressure for < 1 min.

U Tested electrochemical impedance spectroscopy
(E1S) under several conditions

» Medium Pressure is about 0.66 MPa (95.72 psi) w00 |

» Large Pressure is about 1.44 MPa (208.85 psi)

, 400 }
- Estimated Contact
Condition Resistance/Ohm 200

No pressure
0.66 MPa 90,000

1.44 MPa 6,400 0 500 1,000 1500 2000 2500 3,000
800 Re(Z)/Ohm

1,000 |

-Im(Z)/Ohm
(=3}
(=]
(]

Pressure Removed

» Pressure affects the initial contact resistance
» The contact resistance improves even after pressure was removed and improves

without needing to go to high loads (>10MPa)

= Creep behavior of Li metal leading to plastic flow, maximizing the conta tgiea.
;E" o 1 '-I.,‘E‘,,,)
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Accomplishment 4.1: investigated vacancy formation along the
interfaces between Li and different compounds

Li(001)/Li,O(110)  Li(001)/Li,PO,N(010) L|(111)/L|3N(001) Li(001)/LLZO(001) |_|(001)/|_|2003(001)

/.
Bp (e/A%)

2
0E+00 3
-2E-03
-4E-03

0E+00

charge transfer
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HH 1
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= 0E+00 = - -
Kl i
! B 2603 i | 2603
L -4E-03 H -4E-03
H |
- -6E-03 1

2 -6E-03 ‘Z(A) -6E-03 zZth) - - ! 20 6603
Re:eN
‘g Livacancy

The Li/Li,O and Li/LiF impact the vacancy formation
energy in the first 2 layers of the Li slab.

nonbonding

Vacancy formation energy (eV)

Bulk L4 3 L2 1
Location of the Li vacancy

W,  1.11 J/m? 0.64 J/m? 0.78 J/m? 0.76 J/m? 0.30 J/m?

0: 0°, 55.9° 56.9 60.2° j .  105.7°

G

(9 [
BROWN

School of Engineering

Qi’s group

Li(001)/LiF(001)

8E-03
6E-03
4803 _
26-03 L
- | - OE+00 :
=% -2E-03 <
-4E-03
-6E-03

Trap\

wo Livacancy

0.80 . . . .
0.60
0.40
0.20
0.00

Bulk 14 L3 L2 L1
Location of the Li vacancy

0.28 J/m?
108.77

! .
Wetting Non-wetting

Li;N: the main decomposed products in the Li/Li,PO,N interface
LLZO: intensively studied solid electrolyte in experiments
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Accomplishment 4.2: identified the impact of surface charges of SE on RO
Li vacancy formation energy. s group

=KD o — TG = o
Li,O (110) Li,PO,N (010) Li;N (001) LLZO Zrrich (001)  Li,CO,4(001) LiF (001)
Termination Surface charge . 0 .
# Surface Slab formula C.) Net charge (top 3A) Wetting Vy; trapping
1 Li,0(110) Li;,00qo  Stoichiometric 0 0 Y (0°) Repel lonic formal charge
2 Li,PO,N(010) Li,,P,s0,,N,; Stoichiometric 0 2 Y (55.9°) ? Li: +1, O: -2, F: -1, P: +5, N: -3, C:+4, La: +3,
; ; : Zr: +4.
3 Li,N 001 Liy,N Li +8 +16 Y (56.9° Tra|
s nzee 8 ( ) P The black arrow indicates the top 3A-
4 LLZO Zrr 001 Ligla,sZr,,04, Li,La,Zr,04 0 +2 Y (60.2°) Trap region on the surface.
5 Li,CO4001)  LigCy,045  Stoichiometric 0 0 N (105.7°) ?
6 LiF(001) LijgoF100  Stoichiometric 0 0 N (108.7°) Trap

= The low Li vacancy formation energy may be due to the positive charges on Li;N (001, Li) and

the LLZO (001, Zr-rich) surfaces
= Will investigate the Li vacancy generation at Li/SE interfaces with negative surface charges

(i.e. other Li,PO,N surfaces, Li, N terminated Li;N surfaces).
ey e =)
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stable LLZO surfaces and its interface with Li

g2

[0 [0
BROWN

School of Engineering

Qi’s group

# Surface Formula Termination (C,,,) Y (J/m2) Ref[1] (J/m?)
1 Zr p 001 LiyglaygZr,,044 LisLaO, 0.83 0.82
. _2_ - Zrp001 O  Ligla,,Zr;,0q, Li;LaO, 1.35
L .3_) Zrrool LigLa,sZr,,0¢, Li,La,Zr,0q4 0.93 0.92
4 Zrr001 0  Liyla,eZr,,0, La,Zr,04 1.58
5 Zr p 100 LiyLa,Zr ;0. LiLaO, 0.83 0.74
6 Zrr 100 Li,,La,.Zr,,O., Li,La,Zr,0, 0.88 0.83
[1] ACS Appl. Mater. Interfaces. 2020,12,16350-16358.
Slab X-axis Y-axis

Li (001) 13.744 13.744
LLZO (001) 13.134 13.134
Strain -4.64% -4.64%

The Zr rich (001) (#3) slab was used to
build the interface due to more
under-coordinated O on the surface
and small lattice mismatch with the
4x4 Li (001) slab.

Li(001)/LLZO Zr rich (001) interface

Li/LLZO Y (M2 W, (/M) Yooy (Im?)  cos(6) o)

Zr poor (100)

Li: light green, La: brown, Zr: light blue, O: red.

Zr rich (100) Li(001)/LLZO Zr rich (001)  0.76 0.63 0.42 0.496 60.2

<
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Accomplishment 5.1. developed a nanocomposite interlayer for Li/SE

Our approach: A solution-based approach to form a compliant artificial SEI layer which consists of Li;PO, and LiNO; on

lithium metal. (Patent application filed)

QO1s Scan
Atomic % Depth Profile 2.00E+05)
50 & 2N M A Nis Scan
Moo~ X ~ W W 3.00E +04 LiNO
44 g 150E+05 c=0 o :
= h=i
£ g
=2 30 - Ci1s i » 200E +04)
E /ff/\_—f\w\_ . E o . %
2 2 Bl: @ 2 4— Possible organic N
— P2p (cj; 5.00E+04| 1.00E +04|
10
0.00
542 540 538 536 534 532 530 528 526 524 0.00E +00
0 200 400 600 800 1000 1200 Binding E v 408 406 404 402 400 398 396 394 392
Eich Time (s) Etch Time = 10|03:;g Eie [t?yL(E |)—1 s neray (2
Li foil clss ch Time = 10.057's, Llch Level = Etch Time = 10.027 s, Etch Level = 1
3 00E+04, sean P2p Scan
~ : 10001
) x
g o B0
T 200E+04 3
o =]
r 3 60
- 4
P = 40
g 1.00E+04| P
8 E 2 Metal phosphate, (PO,)* (P: 5+)
o
0.00 296 294 292 290 288 286 284 282 280 278
Binding Energy (eV) 142 140 138 136 134 132 130 128 126 124
Etch Time = 10.037 s, Etch Level = 1 _ Binding Energy (eV)
Etch Time = 10.037 s, Etch Level =1
5-4800 10.0kV 22.1 mim x200 SE(M) 7/23/2020 13:22 . . . . .
With composite polymer coating Li.PO, and LiNO; are embedded in the organic matrix to protect Li metal
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Accomplishment 5.2. investigated the impact of the interlayer on mechanical

gm

stability of interface between LAGP and Li (Micro-CT)

Poly1: 24um

Micro-CT
Cathode: 151um
Ge3d Scan Ge3d Scan
7000 6000)
Metal Ge3p peak
6000) 5000)
» 5000 @ 4000
w on
) g 4000| § 3000
XPS analysis 3000 2004
on SE after 2009 1000
li 100 0
Cycling 42 40 38 36 34 32 30 28 26 24 42 40 38 36 34 32 30 28 26 24
Binding Energy (eV) Binding Energy (eV)
LAGP surface cycled with control lithium LAGP surface cycled with coated lithium

The composite interlayer prevents the reaction between Li and LAGP, retains good contact, and avoids the

interfacial resistance increase.
For controlled sample, the reduced product, metallic Ge can be detected on the surface of LAGP SE facing Li metal

anode. No metallic Ge was detected on the LAGP surface facing coated metal Li anode.
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Accomplishment 5.2. developed a nanocomposite interlayer to enhance the
long-term cycle stability of LLZO based SSBs.

O 50um Li electrode; LLZTO solid electrolyte (700 um)

6.4

Current (nA)
O N B OO

== O0 ENH_ N I I I I | |
0.4

0 % 40 60 80 100 120 140 160 180 200
Cycle

W Control M Coat

Control and Coated sample were under same
cycle condition in Swagelok cell in the initial 100
cycles

Coated sample survived another 100 cycles with
a high current of 6.4pA

Control sample is shorted at a current of 0.4uA.
Coated sample is shorted at a current of 6.4pA.

The composite interlayer maintains good contact between Li and LLZO and avoids

1.5 .
1 baseline 1
':; 0.5
o
@ 0
=
§ 0.5
_l L
—C-10C C-20C —C-30C —C40C —C-50C
+5 e C-60C C-70C e C-BOC e =80 e C-100C
-2 L L
1] 20 40 60 80 100 120 140 160 180 200
Time (hr)
2
1.5 . .
1 with interlayer
= 05
o
@0
>
g -0.5
-1 — OTL-10C —DTL-20C DTL-30C o OTL-40C — DTL-50C e DT L-G0C m—DTL-70C
— DTL-80C e OTL-80C e OTL-100C — DTL-110C — DT L-120C s OTL-130C DTL-140C
15 DTL-150C DTL-160C DTL-170C DTL-180C —DTL-190C —DTL-200C
Q 20 40 B0 30 100 120 140 160 130 200 220 240 260 280 300 320 340 360 380 400
Time (hr)
[ ]
the interfacial resistance increase.
———
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Conclusions

Various coating deposition techniques, in situ techniques, and postmortem analysis capabilities have been developed to
understand the interfacial dynamic phenomena in solid state batteries. LLZO thin films have been successfully deposited on
various substrates. Different configurations of electrode/SSE/electrode structures have been proposed to measure properties
such as ionic conductivities.

Curvature change during plating reveals that the bending which occurs is too large to be caused by only the plated lithium,
and significant stress occurs in the solid electrolyte. The Li plating along the grain boundaries and onset of Li penetration
induces significant compressive stress in the LLZO, leading to the mechanical degradation of LLZO. The latter is consistent
with in-situ nanoindentation results.

Mechanical properties of solid electrolyte may degrade upon electrochemical cycling. Real-time monitoring of the mechanical
properties of solid electrolyte may provide early warning signs before lithium dendrites short circuiting. External pressure
intermittently applied may heal contacts between lithium metal and solid electrolyte to achieve low interface impedance.
Further developed DFT-KMC model to investigate the interfacial strength and vacancy evolution between Li and different SE.
Demonstrated the role of coating interface on controlling Li morphology evolution during delithiation. The Li/LLZO interface is
wetting with a reasonable high Work of adhesion, however, it still traps Li vacancies which may be related to the surface
termination of LLZO interfaces with higher cation concentrations and thus positive charge.

A more mechanically flexible and ion conductive composite interlayer has been developed which can significantly reduces

the interfacial impedance and extend cycle life.
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Responses to Previous Year Reviewers’ Comments

* New project started on 1/1/2020.
* Not reviewed last year.
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Collaborations and Coordination with Other Institutions

Dr. Wu Xu Investigate the stability of artificial SEI on Li using in-
Dr. Chongmin Wang, situ TEM;
(PNNL) Advanced electrolyte additives;

Prof. Jennifer L. M. Rupp | Synthesis and characterization of LLZO electrolyte
Dr. Kunjoong Kim(MIT)

2k
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Remaining challenges and barriers

* Lack of reliable approach to characterize the interfacial fracture strength
between Li metal and solid electrolyte.

* How to calculate the stress based on curvature measurement? Need
finite element analysis.

* How to incorporate stack pressure effect, while the length-and-time
scale for Li creep is beyond typical atomistic modeling (KMC and MD)
time scale.

* Understanding the mechanisms responsible for the observed changes in
mechanical properties of solid electrolyte and developing effective
mitigation strategies to maintain mechanical integrity.

»:E:. L 1T ‘ ‘_“)
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Anisotropic Curvature

Laser reflections oriented along the red dotted
lines indicated below

90°

270°

Much larger bending (curvature) perpendicular
to flaw line (i.e., highest curvature values at
roughly 135 and 315 degrees

Curvature (1/m)

—u— 1st Measurement
1.6 1 |—e— 2nd Measurement

1.4 4

1.2

1.0 4

0.8 4

0.6

0.4 4

0.2 4

0.0 ~

-0.2

-50 (l) 50 160 1;0 260 2;0 3(l)0 3%0 4<')0
Angle Orientation (degrees)

* Anisotropic curvature values at different angles w.r.t. to the surface flaw orientation are observed
* Supports the idea that the observations of curvature increase is closely correlated with partial lithium
penetration (surface flaw is likely to accumulate more current and hence likely to initiate the crack propagation)
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Task 1.1 — Develop a thin film platform for in situ experiments

Subtask 2.2.3 — Qualitatively understand the transport behavior of Li ion in model system:

0 Question: Can we create a thin film model system to study solid-
state electrolytes (SSE’s)?

0 We successfully deposited LLZO thin films using Pulsed Laser
Deposition (PLD) on various substrates such as YSZ(111), STO,
and Stainless-steel.

0 Reciprocal space mapping (RSM) to determine if the LLZO thin
film 1s epitaxial in the all directions.

» YSZ sample shows preferred crystal orientation in the z-direction
(out-of-plane) but on in the x and y directions.

O Future work: Investigate different crystal orientations and
compare various properties.

= Ex. lonic conductivith/ measurements by depositing in situ gold pads

QA /(111

46 L (4010) 5 on LLZO thin films through a shadow mask to make conductive
' contact points for EIS measurements.
P R R I R
1.9 2.0 SSE
Q”(A'l) // (k110)
/Bottom
electrode
gm | RESSARCH Se
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Stable Li;N surfaces and its interface with Li

Li;N (001)
Top view of #1 Li terminated

Each N is coordinated by 8
Li, six on the same (001)
plane (Li-N: 2.10 A), one
above and one below
(Li-N: 1.95 A).

Li: light green, N:
blue. Li;N (100)
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Li;N (001)
Li, N terminated

Cour = 2 * (Csiap — M * Cpui)
# Surface Formula Termination (C,,) Y (J/m?)
1 LiNooLLi Li,,N, Li 0.54
2 LiN 001 Li N LizeNg Li,N 1.90
3 Li,N 100 LisoN, Li,N 2.53
4 Li,N 110 Li N, LiN 2.52
Slab X-axis Y-axis 0(°) In plane
cells
Li (111) 14.5776 14.5776 120 3x3
LizN (001) 14.5544 14.5544 120 4x4
Strain -0.16 % -0.16 %
——0—0—00Q00
0 0 0 090
0 00 0 o
0 0 0 O
0 0 0 O o
0 0 O
00009
© 0 0 00
0 0 0 O .

LisN (110) Li(111)/Li5N (001) interface
Interface Wagh (I/m?) Yy (3/m?) cos(8) 0 (%
Li3N_001/Li_111 0.78 0.50 0.545 56.9
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DFT computed Li vacancy migration

Developed a DFT-informed KMC model to simulate the vacancy
evolution at Li/SE interfaces

energy landscape

C

k

keq
ka

ke
ks
ks

ks
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Multi-events KMC model

Li metal <Coatings,.
Li Bulk region (~2nm) Interface region (~2nm) (SEl or SSE)
O ©O 0 0 0O 0O 00000 00 OO0O/O00

0.20 nonbonding O 0 ©O
' ﬁ K
0.00

Bulk 1 13 L2 L

Location of the Li vacancy

Diffusion Process

Bulk Li along [111]

D40
O 0 0 00 0 00 0 00 00 0©0C O%e®

Li/Li-O Li/LiF
AE  k(300K) AE Kk (300K)
0045 1.74x1012  0.045 1.74x10%

Backward diffusion toward bulk for bonding  0.372  5.68x10° 0 1.00x10%

Li atom migration L1-> L2

Forward diffusion toward interface involving 0.156 2.43x10'° 0.331  2.68x107

bonding Li atom migration L2-> L1
Backward diffusion toward bulk for
nonbonding Li atom migration L1->L2

0 1.00x10% 0 1.00x10%

Forward diffusion toward interface involving  0.132  5.97x10*° 0561  3.81x10°

nonbonding Li atom migration L2-> L1

Removal of Li atoms in L1 due to stripping

current density

NA 7.06for1.0 NA 8.00for1.0
mA/cm? mA/cm?

Chi-Ta Yang and Yue Qi, Chemistry of Materials

https://doi.org/10.1021/acs.chemmater.0c04814
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(1) Correlate the Li diffusion flux rate (1) with the strain
rate (¢(0,T)) (assuming a Li foil of 100 um)

 NAgLé
n=-——

L
(2) Make the flux rate equal to trl]e net diffusion rates and
solve the mechanical bias (E,)

n=v,exp(

Define

n=k.—k
—Ef + 0.5E —E, — 0.5E
f py b p

E, =E, + 0.5E), (Modified backward diffusion barrier)
E; = Ef - 0.5Ep (Modified forward diffusion barrier)
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https://doi.org/10.1021/acs.chemmater.0c04814
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Accomplishment 4.1: developed a DFT-informed KMC model to simulate o
BROWN
H 1 1 hool of Engineeri
the vacancy evolution at Li/SE interfaces St g
Qi’s group
Relaxed Li/Li,O interface & Li/LiF interface Multi-events KMC model
b < Li metal —,$oatings,
Li Bulk region (~2nm) Interface region (~2nm) (SEl or SSE)
aD OO © O © 0000 0O0O0OOOO O O 0o}
© 0000DO0OOOOOOGOO
© O O o © O © 00000000000 G
— ) o o
x QD OO x @ @ —AE\ o060 00000000000
o oo@ooooooooooob
© O O o O kgT ) o o ©O0000O0CODOOOLSH®
© 00 00O0OOOOO 0,6
aD OO © O ©00000O0O0OO0,0% 0
© 0O 0 00O O G:0"0"0 O PLD
B~ d = O 0 0O o 0 0 <§ f
2 120 < 120 LI T . ©O 00O OO0 O 0O OO O OO
100 L S & 100 [ 0O 000D0DOOOOOOGO OGO © ®»F
0.0 TS S 080 T .
2 060 ; : : 2 060 : : : Li atom
£ 040 : g 0.40 ibonding 4 Diffusion Process Li/Li2O Li/LiF
3 020 e 3 020 ' AE  k(300K) AE  k (300K)
50.00 é 0.00 nonbonding .
8 Buk W4 13 12 L 8 Bulk W 13 L2 Wn kq Bulk Li along [111] 0.045 1.74x10%? 0.045 1.74x10%?
Location of the Livacancy Location of the Livacancy k, Backward diffusion toward bulk for bonding 0.372  5.68x10° 0  1.00x10%
Li atom migration L1-> L2
DFT computed Li vacancy migration energy landscape ks Forward diffusion toward interface involving 0.156 2.43x10° 0.331  2.68x107
S e . PR i bonding Li atom migration L2-> L1
Li/Li,0 Ir,]terface' Li/LiF Ir_]terface' ky Backward diffusion toward bulk for 0  1.00x10% 0 1.00x10%
Repels Li vacancy to the bulk Traps Li vacancy at the surface nonbonding Li atom migration L1>L2
Attracts Li to the surface Barrier for Li to fill the vacancy ks Forward diffusion toward interface involving | 0.132 5.97x10° 0561 3.81x103
nonbonding Li atom migration L2-> L1
ks  Removal of Li atoms in L1 due to stripping NA 7.06for1.0 NA @ 8.00for 1.0
Chi-Ta Yang and Yue Qi Chem. Mater. 2021, 33, 8, 2814-2823 current density mA/cm? mA/cm?
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